Escherichia coli O157:H7 carries a chromosomal msbB1 and a plasmid-encoded msbB2 gene. We characterized msbB2 function as a homologue of msbB1 by examination of wild-type organisms and mutant strains that lacked functional msbB1, msbB2, and both msbB1 and msbB2. The msbB double-mutant strain generated pentaacyl lipid A, while the single-mutant strains synthesized hexaacyl lipid A. Complementation with overexpressed msbB2 converted pentaacyl into hexaacyl lipid A in the double-mutant strain. The transcription of both msbB genes occurred simultaneously. Lack of MsbB2 activity slightly increased the microheterogeneity of the lipid A species. These results suggest that the msbB2 gene plays a role not only in the routine generation of fully hexaacylated lipid A but also in suppressing the microheterogeneity of lipid A species, the endotoxic determinant of the organism.
Typical enterohemorrhagic Escherichia coli (EHEC) has the ability to produce Shiga toxin (Stx) and to induce attaching and effacing lesions in the intestine. Among the EHEC strains, serotype O157:H7 is the most frequently encountered in disease outbreaks and in severe sequelae worldwide (3, 23, 31) . All O157:H7 strains possess an approximately 92-kb plasmid called pO157, which encodes several virulence-associated genes including the following: ehxA, which encodes an RTX type of hemolysin; katP, which encodes a catalase-peroxidase; espP, which encodes a serine protease; and toxB, whose product confers adhesiveness to cultured host cells (20, 31) . The pO157 plasmid also carries a homologue (msbB2) of the chromosomal msbB (multicopy suppressor of htrB) gene, herein designated msbB1. This fact raises questions about the role of msbB2 in lipid A biosynthesis, cell wall composition, and intestinal colonization by EHEC O157:H7. A recent report showed that chromosomal and plasmid-encoded msbB genes are also present in Shigella flexneri and are required for maximal acylation of lipid A and invasion of the intestinal epithelium (10) . The msbB2 gene is part of a locus comprising the consecutive open reading frames (ORFs) shf-rfbU-virK-msbB in the virulence plasmid pWR100 of S. flexneri. This locus is also conserved in pO157 (5, 21, 33) and is hereby designated as the shf locus.
The occurrence of the msbB2 gene may imply a role in virulence by modulation of lipid A species that affect the host response to lipopolysaccharide (LPS), but this has not been investigated in E. coli O157:H7. The chromosomal msbB1 gene is 99% identical in nucleotide sequence to the E. coli K-12 msbB gene. The deduced amino acid sequence of the MsbB2 protein is 67% identical to the counterpart MsbB1 protein.
The MsbB2 proteins of plasmids pO157 and pWR100 are 69% identical at the amino acid level.
The K-12 msbB gene was originally identified as a multicopy suppressor of the null mutant phenotype of the htrB (hightemperature requirement) gene, which encodes a protein that supports growth of the mutant strain in rich media at temperatures above 33°C (17, 18) . Later, the enzymatic functions of the products of the htrB and msbB genes were identified as acyltransferases involved in the addition of secondary acyl chains to the distal glucosamine sugar of lipid A (7) . Both HtrB and MsbB depend on the prior addition of 3-deoxy-D-manno-2-octulosonic acid (Kdo) to their precursor substrate and utilize acyl carrier protein as an acyl donor. However, HtrB acts first, adding a 12-carbon laurate chain to the N-linked R-3-hydroxymyristate chain, and is followed by MsbB, which adds a 14-carbon myristate chain to the O-linked R-3-hydroxymyristate chain (7, 26) . The htrB and msbB genes are also called lpxL or waaM and lpxM or waaN, respectively, according to their functional relatedness to genes required for LPS biosynthesis (13, 26) . In previous studies done with E. coli K-12 msbB mutant strains, lack of MsbB activity caused a dramatic reduction in the bioactivity of the mainly pentaacylated LPS, without affecting viability at any growth temperature (16, 29, 30) .
In order to test the hypothesis that the msbB2 gene of plasmid pO157 encodes a protein whose function is similar to that of msbB1, we created mutations in msbB1, msbB2, and both msbB1 and msbB2 in an EHEC O157:H7 strain and determined the effects of these mutations. We showed that the ORF of msbB2 encodes a functional acyltransferase that compensated for the loss of function of msbB1 as judged by lipid A acylation patterns in the mutant strains examined by thin-layer chromatography (TLC). We also demonstrated that the msbB2 gene, cloned in a pBlueScript plasmid, could partially restore the attenuated virulence of an msbB mutant of a septicemic E. coli strain in a mouse lethality model. The TLC assays of lipid A species isolated from msbB mutants of an EHEC O157:H7 strain suggest that MsbB2 acts as a late-functioning acyltransferase involved in lipid A biosynthesis and may suppress minor modifications of lipid A species that occur in the absence of MsbB2.
Creation of msbB mutants. Single msbB1 and msbB2 mutations were achieved by using a modified inverse PCR method (36) and a mutagenic megaprimer-based two-step PCR method (8) , respectively, to create in-frame deletion mutants. General gene manipulation methods (28) were exploited for the construction of recombinant vectors, pRE2B1 and pRE7B2 (Table 1) , that are sacB-containing allelic exchange vectors carrying the mutated msbB1 and the mutated msbB2 genes, respectively. The construct was moved into streptomycin (Str)-resistant wild-type E. coli O157:H7 strain 4304 (PT14) by mating in order to obtain the desired allelic exchange. The exconjugants were purified on selective media containing appropriate antibiotics and spread on Luria-Bertani (LB) agar containing 10% sucrose for counterselection of double-crossover derivatives. Each potential mutant was isolated, and the mutation was verified by PCR (data not shown). The identified msbB1 mutant was designated strain 4304-M1, and the msbB2 mutant was designated strain 4304-M2 (Table 1) . Strain 4304-M2 was then used as recipient for the exchange of the ⌬msbB1 allele carried in plasmid pRE2B1 in order to create a double msbB mutant. The double-crossover colonies were purified, and the mutation was confirmed by PCR (data not shown). The resulting double msbB mutant was designated strain 4304-DM ( Table 1) .
Complementation of the mutant phenotypes. The intact msbB2 gene, amplified by PCR using a high-fidelity DNA polymerase (Advantage-HF2 PCR kit; BD Biosciences Clontech, Palo Alto, Calif.), was cloned into an arabinose-inducible expression vector pBAD24 (15) . The resulting pBAD-B2 plasmid was introduced into strains 4304-M2, 4304-DM, and M600, and the resulting transformants were named M2-pB2, DMpB2, and M600-pB2, respectively (Table 1) . Septicemic E. coli strain H16 (O18:K1:H7) and its msbB mutant M600 strain were kindly provided by Richard Darveau (University of Washington, Seattle). For high-copy-number vector-based complementation, we cloned the intact msbB2 gene containing its own predicted promoter region into a pBlueScript vector and named the construct pMsbB2. The wild-type H16, M600-pBS, and M600-pM2 strains (Table 1) were tested for growth on MacConkey agar at 37°C, since we found that the double msbB mutant (strain 4304-DM) grown on MacConkey agar showed impairment that was marked at 30°C and moderate at 37°C.
The growth impairment on MacConkey agar was overcome by complementation with plasmid pMsbB2 (data not shown). The MacConkey agar growth impairment phenotype of strain 4304-DM is newly identified in this study, as previous msbB knockout derivatives of E. coli K-12 strains, such as MLK1067 (18) , KL423 (22) , and BMS67C12 (30) , grew normally on MacConkey agar. Interestingly, M600 also showed severe growth impairment on MacConkey agar at 37°C (identified in this study). However, unlike M600 cells that are elongated and/or filamentous (30) , no marked alterations in the cell morphology of strain 4304-DM were observed by light microscopy of Gram- stained cells grown at 37°C in LB broth (data not shown). These results suggest that phenotypes of msbB mutants derived from pathogenic E. coli are different from those of msbB knockouts of nonpathogenic K-12 strains, and the growth impairment on MacConkey agar may imply that the function of msbB genes in the pathogenic E. coli might be implicated in overall outer membrane (OM) integrity, which is required for growth under stress conditions and expression of virulence. Transcriptional analysis of the two msbB genes. Since the EHEC O157 strain has two msbB genes, it was interesting to see if transcription of both msbB genes occurred constitutively in the wild type and single mutants of the O157 strain. Total RNA was extracted from the mid-log phase bacterial cultures and reverse transcriptase PCR (RT PCR) was conducted by using the SuperScript one-step RT PCR kit (Invitrogen Canada Inc., Burlington, Ontario, Canada) as described in the manual, with two gene-specific primer sets: Mu62F (TTCAT CCAGTCGGTACGTCA) and RK12 (AACTTGAAGCTTA TCATCAGGCGAAG) for msbB1 and FSH (GAGAATATC GGTACCGCCATGTTTGC) and R4 (TATTGCTGGGTGA GCTCATTATCCTG) for msbB2. The RT PCR mixture was prepared, containing a 15 pM concentration of each primer and 1 g of total RNA extracted from the wild-type 4304, 4304-M1, and 4304-M2 strains, respectively. The priming sites of Mu62F and RK12 are located outside the region of the 186-bp internal deletion in the msbB1 mutant (Fig. 1A) , and the size of cDNA amplicons (Mu62F-RK12) for msbB1 alleles in the wild-type 4304, 4304-M1, and 4304-M2 strains was 442 bp, as shown by RT PCR (Fig. 1C) . The RT PCR products for msbB2 (FSH-R4; 715 bp) amplified in the wild-type 4304, 4304-M1, and 4304-M2 strains were exactly matched to the expected product sizes of the msbB2 alleles. Because the priming sites of the FSH and R4 primers encompass the deleted region for the msbB2 mutation (Fig. 1B) , the msbB2 amplicon of strain 4304-M2 (lane 3) was smaller, due to the internal 120-bp deletion, than the amplicons of the intact msbB2 gene of the wild-type 4304 (lane 1) and 4304-M1 (lane 2) strains. Since we used the same amounts of total RNA extract and gene-specific primers in the one-tube RT PCRs, either the msbB1 or msbB2 amplicons served as an internal standard for the semiquantitative comparison of the other's mRNA transcription in the strains grown in LB at 37°C. The RT PCR results (Fig. 1C) showed a marked increase in intact msbB1 transcription in strain 4304-M2 (lane 3, lower band) and a decrease in the transcription of the nonfunctional msbB2 (lane 3, upper band). However, there were no distinct changes in the relative amounts of msbB transcription between the wild-type and 4304-M1 strains. It appears that the transcription of both msbB genes in the wild-type and 4304-M1 strains takes place simultaneously, regardless of the nonfunctional ⌬msbB1 (lane 2, lower band) in strain 4304-M1, grown at 37°C in LB broth.
Analysis of the lipid A profiles. For analysis of the fatty acid acylation patterns of lipid A species generated by the msbB mutants and the wild-type strains, a mild-acid hydrolysis method was used to extract lipid A species as described elsewhere (2, 37). The mild-acid hydrolysis procedure allows cleavage of the ketosidic linkage between Kdo and the distal glucosamine sugar of the lipid A molecule without disturbing the acyl chains of lipid A. However, this protocol generates a minor fraction of lipid A species dephosphorylated at position 1 (37) . TLC was first performed with the lipid A species isolated from the two single msbB mutant strains (4304-M1 and 4304-M2), in order to compare acylation patterns of the single mutants with those of the wild-type 4304 and the M600 strains ( Fig. 2A) .
The lipid A species of the wild-type strain 4304 (Fig. 2 , lane 1) contained mainly hexaacyl residues with a small amount of heptaacyl forms (Fig. 2, spot d) , which are presumably due to modification by the PagP enzyme after the newly synthesized hexaacyl lipid A species are translocated into the OM (1). The lipid A species extracted from strain 4304-M2 showed an acylation pattern which was very similar to that of the wild type, except that two additional small spots (Fig. 2, spots a and b) were evident, which may indicate a modification of lipid A species produced from this mutant strain possibly by substitution of one of the phosphate groups in lipid A with an unknown hydrophilic molecule. These spots were absent in the lipid A species of strain 4304-M2 complemented with plasmid pBAD-B2 (lane 4). These results may indicate that inactivation of the msbB2 gene causes minor modifications in the lipid A species of the EHEC O157:H7 strain, and the modifications are suppressed by introduction of a functional MsbB2. Interestingly, the TLC pattern with the lipid A species of strain 4304-M1 (lane 3) was identical to that of the wild type, indicating that the intact msbB2 carried in plasmid pO157 may fully complement the loss of function of MsbB1 (a known myristoyl-transferase). As expected, the lipid A species of M600 (lane 5) were mainly pentaacylated, and M600-pB2, the complemented strain of M600 carrying pBAD-B2, showed a partial restoration of hexaacyl lipid A species (lane 6, spot c) when grown under uninduced culture conditions. Because we were unable to find distinct msbB knockout phenotypes (pentaacyl lipid A species) in TLC assays for the single mutants ( Fig. 2A) , we created a double msbB mutant strain (4304-DM) for the assessment of the lipid A phenotypes by TLC (Fig. 2B) . Strain 4304-DM (Fig. 2B, lane 3 (msbB::Tn5) derived from a K-12 strain JM 83 (29) was used as a marker for pentaacyl lipid A species in the TLC assay (Fig.  2B) . Interestingly, strain DM-pB2 showed an identical lipid A pattern to that of the wild-type 4304 strain when the culture was induced with 0.2% arabinose. The two unknown spots (a and b) occurred reproducibly in strain 4304-M2 but not in strain DM-pB2. These results reconfirmed that inactivation of the msbB2 gene causes minor modifications in lipid A species of EHEC O157:H7 strain. Consistently, the pentaacyl lipid A species of strain 4304-DM were converted completely into the hexaacyl forms in DM-pB2 grown in the presence of arabinose, implying that the overexpressed MsbB2 alone could generate a lipid A pattern identical to that of the wild-type strain 4304. Two unknown spots (a and b) occurred consistently in strain 4304-M2, implying that the intact msbB1 gene alone in the ⌬msbB2 mutant may cause the unknown modifications in the lipid A species. Determination of the structure of the unknown lipid A spots is required to address whether these subtle changes in the lipid A species of strains 4304-M2 and 4304-DM are due to the reduced gene dosage effect or to the absence of the MsbB2 activity. The 4304 strains showed an additional spot below the 1-diphosphoryl (1-PP) lipid A spot. The lower spot of the 1-PP doublet was purified, analyzed by mass spectrometry, and determined to be lipid A substituted with pyrophosphoryl-ethanolamine (data not shown). Collectively, the TLC assays suggest that MsbB2 acts as a late-functioning acyltransferase involved in lipid A biosynthesis, in concert with MsbB1, and may suppress minor modifications of lipid A species that occur in the absence of MsbB2.
In vivo assessment of msbB2 function in a mouse lethality model. A mouse lethality test (30) was conducted to assess whether the msbB2 gene could compensate for the loss of virulence of a msbB mutant (M600) of a septicemic E. coli strain (H16). The wild-type H16, M600-pBS, and M600-pM2 strains (Table 1) were prepared as four dosages (1 ϫ 10 5 , 5 ϫ 10 5 , 1 ϫ 10 6 , and 5 ϫ 10 6 CFU/mouse) and were administered in a 0.2-ml inoculum by the intraperitoneal route to 8-to 10-week-old BALB/c mice. Each dose was administered to a group of five mice, and the experiment was duplicated. Mortality was monitored for 5 days, and the numbers of mice that survived were recorded, although the majority of the deaths occurred within 48 h postinoculation. Data obtained from two independent experiments were combined for the assessment of msbB2-mediated virulence. At the lowest challenge dose (10 5 CFU) 50% (5 of 10) of the mice survived after receiving the wild-type septicemic E. coli strain (H16) (Fig. 3) , whereas 100% of the mice survived after receiving the msbB mutant (M600-pBS) or the high-copy-number msbB2-complemented mutant (M600-pM2) strain. As the dosage of the E. coli strains increased to 10 6 CFU, the percentages of surviving mice challenged with the wild type and the M600-pM2 declined steadily (Fig. 3) . The percentage of surviving mice challenged with M600-pBS did not change from 100% until the challenge dose was 5 ϫ10
6 CFU. The data from each of the four dose groups were compared for statistical significance by two-tailed t tests. The wild-type strain (H16) was significantly more virulent than the mutant organism (M600-pBS) at all doses (P Ͻ 0.05). The virulence of the complemented mutant strain (M600-pM2) was significantly greater than that of the mutant strain (P Ͻ 0.05) and was similar to that of the wild-type strain (P Ͼ 0.05) at the 1 ϫ 10 6 and 5 ϫ 10 6 CFU/mouse doses. The results of the mouse studies showed that the pO157-derived msbB2 clone (pMsbB2) partially restored the attenuated virulence of an msbB mutant strain (M600) of a K1-encapsulated septicemic E. coli strain in a murine model. The partial restoration of mouse lethality was consistent with the lipid A acylation pattern of the complemented mutant strain revealed by TLC analysis. The lipid A species isolated from M600-pM2 showed the presence of a hexaacylated lipid A spot as well as a pentaacylated spot (data not shown). Because the mutant strain complemented with pBAD-B2 (Table 1) showed fully hexaacylated lipid A species in the presence of 0.2% arabinose (data not shown), it appears that expression of the msbB2 gene (pMsbB2) in the complemented mutant strain was poorly induced in vivo. These results suggest that MsbB2 of pO157 has the ability to restore the compromised OM integrity that occurs in M600, derived from a different pathotype of E. coli (O18:K1:H7). A previous report (30) noted that M600 showed pleiotropic phenotypes, including loss of K1 capsulation, which might contribute to loss of virulence in mice. The partial restoration of mouse lethality by M600-pM2 may indicate that the complemented strain might be encapsulated by the correction of the compromised OM functions caused by the endogeneous msbB gene mutation. A recent study (24) conducted with Neisseria meningitidis (serogroup B) showed that surface expression of lipooligosaccharide and porins (PorA and PorB) in the msbB mutant of the encapsulated Neisseria meningitidis (serogroup B) strain was markedly reduced, presumably due to the modification of lipid A structure. These results strongly support the hypothesis that the lipid A structure of gram-negative bacteria plays a significant role in determining whether some structures associated with the OM are attached to the bacteria.
The shf locus. In both S. flexneri and O157 EHEC strains, the plasmid-encoded msbB2 gene is part of a conserved shf locus, illustrated in Fig. 4 . The loci consist of four ORFs (shf-rfbUvirK/ecf3-msbB2) in the virulence-associated plasmids (4, 5, 21, 33) . There is heterogeneity of individual ORFs clustered in this locus in terms of distribution and proposed protein sizes (Fig.  4) . The 100-kb plasmid pAA2 of an enteroaggregative and diffusely adherent E. coli strain possesses a homologue of the shf locus, without the msbB2 gene (9) . The occurrence of the shf loci in the virulence plasmids suggests that msbB2 may have been transferred along with the upstream genes during the evolution of these plasmids and that there may be functional associations among the proteins encoded in this locus. Intriguingly, homologues of segments (shf or shf-rfbU) of the locus are FIG. 3 . Survival rate (%) of mice challenged with E. coli H16 (O18: K1:H7) and its msbB mutants carrying either the pBlueScript vector control (M600-pBS) or pMsbB2 (M600-pM2). A mouse lethality test (30) was used in groups of five 8-to 10-week old female BALB/c mice. Each mouse was inoculated intraperitoneally with a 0.2-ml inoculum. The data on survival of the mice were combined from two independent experiments.
found in chromosomes of various bacteria, including S. flexneri 2a (21, 27) , Salmonella enterica serovar Typhimurium (21, 27) , and Staphylococcus epidermidis (14, 27) .
A BLAST program (National Center for Biotechnology Information-GenBank) homology search revealed that the proposed Shf protein has 25% identity with a region of IcaB of S. epidermidis (56 of 216 amino acids [aa]; GenBank accession no. U43366). The icaB gene is in an operon involved in production of polysaccharide intercellular adhesion (14) . The second ORF (rfbU) of the shf locus encodes a glycosyltransferase showing a motif shared with genes for ␣-glycosyltransferase involved in LPS biosynthesis. The corresponding ORF (capU) in pAA2 showed 52% identity (134 of 253 aa) with rfbU of plasmid pO157 (9, 21, 33) . The third ORF (Ecf3) of the pO157 shflocus (3) encodes a hypothetical protein consisting of 573 aa and belongs to a multigene membrane protein (YijP/YhbX/ YhjW/YjdB) family encoded in the E. coli chromosome (S.-H. Kim and C. Gyles, unpublished data). In S. flexneri, however, the third gene in the locus is functional VirK (316 aa), which appears to be different from Ecf3 of pO157. The Ecf3 homologues (grouped in the YijP/YhbX/YhjW/YjdB family) are scattered in the chromosomes of E. coli K-12 and O157:H7 EHEC. Among them, E. coli K-12 YijP encoded in f577 (GenBank accession no. U00006) and its counterpart in the chromosome of O157:H7 EHEC (ORF577; accession no. AE005627) are 80% identical to Ecf3 and have been associated with virulence in E. coli K1 meningitis (34) . The YijP protein family, whose functions are at present unknown, has similar properties in that they are proposed as integral membrane proteins consisting of 500 to 600 aa and containing 5 to 6 potential transmembrane domains in the N-terminal portion (data not shown).
The significance of the redundancy and association of genes comprising the shf locus in EHEC strain O157:H7 remains unknown. A DNA hybridization study (3) showed that the shf locus was restricted to virulence plasmids of eae-positive Shigatoxigenic E. coli strains and was not found in the large plasmids from eae-negative Shiga-toxigenic E. coli strains. Thus, it would be interesting to assess whether there are functional associations between the proteins of the locus for enterocyte effacement and the shf locus. We found that there is no apparent transcription termination signal ( independent) between the genes of the pO157-encoded shf locus, implying that the entire locus is organized as one transcriptional unit. However, the regulation of individual genes and their functional associations remain elusive. Conclusions. The msbB2 gene of pO157 is able to function as a lipid A acyltransferase and may play a role in suppressing minor modification of lipid A species. Suppression of such microheterogeniety of lipid A species may be required for expression of some structures associated with the OM, which may be of benefit to EHEC O157:H7 under certain circumstances. Further studies on the possible roles of the msbB2-bearing shf locus may enhance our understanding of msbB2 functions in cell wall integrity and its possible contribution to the overall function of msbB2-bearing plasmids in pathogenesis. Previous reports have shown that the virulence of some pathogenic gram-negative bacteria was attenuated when the msbB gene was inactivated (10, 19, 25, 29, 30, 32) . Because msbB gene inactivation in E. coli K-12 leads to generation of non-and/or less-endotoxic pentaacyl lipid A molecules instead of the fully endotoxic hexaacyl lipid A, we speculate that the plasmid-encoded msbB2 gene in plasmid pO157 may play a role in the modulation of lipid A species that affects the host response to LPS, possibly by direct interactions of the host innate immune system and the modified LPS (6, 12, 29, 32) . FIG. 4 . Genetic organization of msbB2-bearing shf locus in plasmid pO157 and other virulence plasmids. The msbB2-bearing shf loci consist of ORFs shf-rfbU-ecf3/virK-msbB2 in virulence plasmids pWR100 and pO157 (4, 5, 33) . The pAA2 of an enteroaggregative and diffusely adherent E. coli strain possesses the shf locus, without the msbB2 gene (9) . In S. flexneri, the third gene in the locus encodes functional VirK (316 aa), which is different from Ecf3 of pO157. Ecf3 is 80% identical toYijP (f577; GenBank accession no. U00006), which has been associated with virulence in E. coli K1 meningitis (34) . Several putative virulence-associated genes are marked as gray boxes around the map of the pO157 plasmid (5) . The numbers in bold within the box located below the illustrated ORFs are the amino acid numbers comprising each ORF in the shf locus. The numbers in parentheses are nucleotide base pairs in the gaps between the ORFs.
VOL. 72, 2004 NOTES 1179
Furthermore, msbB mutant strains of clinical isolates showed pleiotropic phenotypes, such as loss of K1 encapsulation, growth arrest due to septation defects during cell division, reduction of secretion function of a type III secretion system, and even decrease in expression of lipooligosaccharide and porins in the OM (22, 24, 30, 35) . Thus, the carriage of msbB2 in plasmid pO157 may provide the OM functions required for secretion and/or attachment of OM-associated virulence factors.
